To understand the relationship between the proliferation of epidermis and its arachidonic acid metabolism, we studied human keratinocytes grown in vitro at confluent or nonconfluent densities. Keratinocyte cultures incubated with [14C]arachidonic acid synthesized prostaglandin (PG)E2 PGD2, PGF2 alpha, and small quantities of 6-keto-F1 alpha. Nonconfluent cultures, however, synthesized fourfold more PGE2 than did confluent cultures. When proliferation was studied using [3H]thymidine incorporation into DNA, it was found that this increased synthesis of PGE2 was accompanied by a fourfold increase in the rate of proliferation. When PGE2 synthesis was inhibited by indomethacin, the rate of proliferation of nonconfluent cultures was decreased 40%, while the rate of proliferation of confluent cultures was unchanged. Addition of 1 ng/ml of PGE2, but not PGF2 alpha, PGD2, or a stable analog of PGI2 to the indomethacin-treated nonconfluent cultures restored the initial rate of proliferation. These results suggest that PGE2 is a growth-promoting autocoid for epidermis. The synthesis of PGE2 by epidermis may be enhanced in wound healing and disease states where epidermal continuity is disrupted. 
Introduction
The participation of prostaglandin (PG)' synthesis in keratinocyte proliferation has been suggested in several ways. In hyperproliferation induced in mouse epidermis by 12-0-tetradecanoylphorbol-l 3-acetate (TPA), there is an associated increase in endogenous synthesis of PGE2 (1) . This TPA-induced hyperproliferation can be blocked by indomethacin and restored by topical application of PGE2 (2, 3) . It has also been shown that intradermal injection of PGE, or PGE2 results in increased epidermal proliferation (4, 5) . Similar increases in the rate of proliferation (6) have been shown in cultured keratinocytes after exogenous addition of PGE1. In addition, healing of partial thickness burns requires three times longer in essential fatty acid- 1 . Abbreviations used in this paper: EFAD, essential fatty acid deficient;
[3H]Tdr, tritiated thymidine; PG, prostaglandin; TPA, 12-O-tetradecanoylphorbol-1 3-acetate. deficient (EFAD) rats, which are devoid of fatty acid precursors for PG synthesis (7) .
There is also conflicting evidence that shows that PGE2 inhibits epidermal proliferation. It has been shown that addition of PGE2, PGEI, PGF2a, and PGFI to the culture medium of human epidermal explants results in 35-87% inhibition of proliferation (8) . In essential fatty acid-deficient rats, presumably with deficient epidermal synthesis of PGE2, the rate of epidermal proliferation is increased fivefold over control values (9) . Topical application of PGE2 daily for 1 wk restores the slower, normal rate of proliferation (10) .
The confusion in the results of these studies may be attributable to several factors: (a) the wide variety of doses and types of prostaglandin selected for study, (b) the varying intervals of treatment, (c) the different animal models or culture conditions selected, and (d) the failure to identify the intrinsic product profile of arachidonic acid metabolism in keratinocytes. To clarify the role of arachidonic acid metabolism in epidermal proliferation, we have done a series of experiments to determine the endogenous pattern of arachidonate metabolism in cultured human keratinocytes and studied the role of endogenously synthesized prostaglandins in keratinocyte proliferation.
Methods
Primary human keratinocyte cultures. Full-thickness skin from panniculectomies and breast reductions from healthy individuals was used. The basal cells from these biopsy specimens were cultured according to a modification of the technique of Liu and Karasek (11) . The tissue was defatted, then placed in 0.25% trypsin in M-199 medium at pH 7.0 and trypsinized overnight in air at room temperature. The skin was then rinsed in Dulbecco's modified Eagle's medium (DME) (Basic Cancer Center, Washington University, St. Louis, MO) with 10% fetal calf serum (KC Biologicals, Inc., Lenexa, KS) and the epidermis was separated from the dermis. Cells were gently shaken from each surface with forceps. The cells were dispersed by trituration and passed through sterile gauze to remove collagen clumps. The epidermal cells were then suspended at a concentration of 1 X 106/ml and plated in 16- ( 14) .
Radioimmunoassay (RIA) ofPGE2. PGE2 was assayed using rabbit antisera as previously described (15) . The incubations for RIA contained (in a total volume of 0.2 ml): PGE2, 2.0 to 200 pg; 0.05 M potassium phosphate buffer, pH 7.4, containing bovine serum albumin, 0.1%; antiserum in 1:16,000 dilutions; and [3HJPGE2, 2,500 cpm (100 Ci/mmol, New England Nuclear, Boston, MA). Tubes were placed in the cold for 18 h and then dextran-coated charcoal (0.025% dextran, 0.15% charcoal in saline) was added to all tubes, which were centrifuged to pellet the charcoal. The supernatant was then decanted into scintillation fluid (complete counting cocktail 3a70, Research Products International Corp., Mount Prospect, IL) and counted (15) .
Protein determination. Cells from all experiments were washed twice with phosphate-buffered saline (50 mM potassium phosphate). 0.62 M NaOH was added to each well to solubilize the protein. The (Fig. 3 A) .
Studies (Table I) . fully stratified, confluent counterparts (Fig. 3 B) . These studies also showed that confluent, unstratified cultures (2.5 X I05 cells/ cm2) still proliferate rapidly despite very low levels of PGE2 synthesis. This difference in the cultures' proliferative rate was dependent only on cell density and not on the number of days after plating on which the assay was performed (days 3 through 7).
Since the total counts per minute of [3H]Tdr incorporated into DNA can be influenced by differences in the transport of the radioactive thymidine into the cells, autoradiography was creased rate of PGE2 synthesis, the cultures were treated with indomethacin for 3 d. PGE2 synthesis was completely inhibited at concentrations of indomethacin as low as 0.1 mg/ml. The rate of proliferation of indomethacin-treated cultures was then assayed. It was found that in nonconfluent cultures only, the rate of proliferation was decreased 35-45% in the presence of the drug (Figs. 3 A and 4) .
At each concentration ofindomethacin that suppressed PGE2 synthesis, proliferation was inhibited. At a concentration of0.01 jsg/ml indomethacin, however, PGE2 synthesis was not fully suppressed. In these cultures, the rate of proliferation was the same as controls. This decrease in proliferation was also confirmed by proliferative autoradiography (see Table I ). The rate of proliferation of confluent cultures (stratified or unstratified) was unchanged by indomethacin treatment (Fig. 3 B) .
To document that PGE2 was the product of the cyclooxygenase pathway that was responsible for the increased proliferative rate observed in nonconfluent cultures, exogenous PGE2, PGF2a, PGD2, and the stable PGI2 analog ONO-OP4193 were added to indomethacin-treated cultures and the effect on their rate of proliferation was assessed after 3 of prostaglandin added to the cultures (0.01 to 100 ng/ml) was in the physiologic range of the products synthesized by keratinocytes in a 24-h period. These experiments showed that addition of PGE2 to the cultures resulted in reconstitution of their normal rate of proliferation as measured by incorporation of [3H]Tdr into DNA (Fig. 5 ). This response was dose-dependent, with the proliferative rate reconstituted to the control value at a dose of 1 ng/ml PGE2. In sharp contrast, the cultures' proliferative rate in the presence of up to 100 ng/ml of the other prostaglandins that keratinocytes synthesize was the same as the indomethacin control.
Discussion
These data indicate that keratinocyte PGE2 synthesis is modulated by cell density, and that PGE2 is a growth promoting autocoid in nonconfluent keratinocyte cultures. The increase in endogenous PGE2 accumulation observed in the nonconfluent keratinocyte cultures was apparently mediated by an increase in cyclooxygenase activity, as suggested by the studies using exogenous arachidonate (Fig. 2) . These studies indicated that the EC50 for both confluent and nonconfluent cultures is approximately the same, but that the quantity of product which can be synthesized in nonconfluent cultures is increased 20-fold. The apparent preferential synthesis ofPGE2 over PGF2a, PGD2, and 6-keto PGFia may be the result of increased PGH2-PGE2 isomerase activity or relative decreases in the enzymes synthesizing PGF2a, PGD2, and PGI2. The mechanism by which keratinocytes preferentially synthesize PGE2 is not addressed in these studies.
The relationship of the increase in prostaglandin synthesis to the state of confluence of the keratinocyte culture was supported by several observations. The In the studies in which keratinocyte proliferation was measured ( Fig. 3) , it was shown that the increased synthesis of PGE2 by nonconfluent keratinocyte cultures enhances their rate of proliferation. It was also demonstrated that once these cultures are confluent, prostaglandin synthesis no longer facilitates proliferation, which suggests that keratinocytes are able to proliferate by both a prostaglandin-dependent and prostaglandin-independent pathway. Also note that confluent, unstratified cultures proliferate as fast as nonconfluent cultures but synthesize much less PGE2, which indicates that while confluence modulates PGE2 synthesis, it does not directly modulate proliferation. Confluent cultures continue to proliferate rapidly until they are stratified, despite very low levels of PGE2 synthesis. These results may explain the great diversity ofeffects reported in the literature when the relationship between keratinocyte proliferation and arachidonic acid metabolism has been studied. The dependence of proliferation on prostaglandin synthesis only under certain experimental conditions has been encountered in in vivo studies. Marks et al. (2) showed that while TPA-induced hyperproliferation was dependent upon PGE2 synthesis, the hyperproliferation produced by its close analogue, 4-O-methyl-TPA, was not.
The decreases in arachidonate metabolism and proliferation, which occur as keratinocytes become confluent and differentiate, is different from the pattern of events observed in other cell types. Taylor and Polgar ( 17) showed that in quiescent fibroblast cultures (nonproliferative) bradykinin-stimulated synthesis of PGE2 is greatly enhanced (17) . Friend erythroleukemia cells and the human promyelocytic cell line HL 60 have been observed to have increased cyclooxygenase and phospholipase activity after differentiation was induced with dimethyl sulfoxide (18, 19) . These examples indicate that in many cell types, increased PGE2 synthesis occurs with increased differentiation and decreased proliferation. Keratinocytes, however, are able to enhance the rate of proliferation of undifferentiated cells through increased PGE2 synthesis.
In quiescent Swiss 3T3 fibroblast cultures, DeAsua et al. (20) have shown that another prostaglandin, PGF2a, can function as a growth factor. Exogenous addition of 75 ng/ml PGF2, can initiate DNA synthesis. Physiologic quantities ofPGF2a can also initiate synthesis in the presence of PGE2 and insulin (21) . A similar role for PGE2 in keratinocyte proliferation is demonstrated by the present studies.
In a recent report by Rice and Levine (22) using keratinocytes cultured from a squamous cell carcinoma, the cultures' synthesis of prostaglandins in response to mellitin was shown to decrease as the cultures became confluent and presumably proliferated more slowly (22) . Our studies confirm these findings in normal cells, and in addition, document the relationship between the culture's rate of proliferation and its prostaglandin synthesis.
In studies of EFAD rats with burn or incisional injuries (7), epithelial repair is markedly delayed, with regeneration requiring three times longer than normal to occur. Since the skin ofEFAD animals does not contain the precursor essential fatty acids for PGE2 synthesis (10) , this increase in repair time may represent the in vivo correlate of the findings reported here. In vitro, nonconfluent keratinocyte cultures may behave similarly to the regenerating islands of epithelium, which appear after partial thickness injury. In an EFAD animal, the absence of PGE2 may slow the rate at which these nonconfluent islands of epithelium become confluent. The study of nonconfluent keratinocyte cultures' arachidonic acid metabolism as a model ofwound healing may give insight into the process of epithelial repair. An abnormality in the epithelial ability to augment PGE2 synthesis after injury may also be of importance in hyperproliferative inflammatory disease states such as psoriasis, where increased arachidonic acid metabolism and increased epithelial proliferation are present (2 1).
